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The anterior neuroectoderm (ANE) is progressively restricted along the anteriorposterior axis to a territory around the anterior pole during the blastula stages in sea
urchin embryos. Information obtained from Wnt/beta-catenin, Wnt/JNK and Wnt/PKC
signaling pathways is responsible for this positioning process. Several secreted Wnt
modulators of the Dickkopf and Secreted Frizzled Related Protein families (Dkk1, Dkk3,
and sFRP1/5) are expressed within the ANE and play important roles in the Wnt
signaling network during this process. In this study, we have characterized the function of
another secreted Wnt modulator, sFRP3/4, within this Wnt signaling network. Here we
have shown that the maternal sFRP3/4 is necessary for the early ANE restriction
mechanism during cleavage stage. We also found that Fzl1/2/7 activates zygotic sFRP3/4
during blastula stage, which possibly antagonizes ANE restriction mechanism. During the
final phase of ANE restriction mechanism sFRP3/4 and Dkk1 likely works together
define the final ANE territory.
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BACKGROUND
The anterior neuroectoderm (ANE) territory is a defining feature of the embryonic
body plan of deuterostomes (echinoderms, hemichordates, urochordates,
cephalochordates, and vertebrates (Swalla and Smith 2008))(Fig. 1). The ANE will form
structures ranging from simple anterior sensory organs in invertebrate deuterostomes to
the more complicated vertebrate forebrain and eye field. Many molecular mechanisms
that specify and pattern the major body axes are remarkably similar among
deutereostomes, suggesting that these early mechanisms are conserved. Consistent with
this idea, comparative gene expression and functional studies among deuterostome
embryos indicate that there are significant similarities in the gene regulatory networks
(GRNs) governing the specification and patterning of the territories from which these
anterior organs arise (Range 2014).
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Figure 1

Deuterostome phylogeny

The above diagram shows the different branches of deuterostome phyla and the
approximate dates of separation at each branch points (data taken from Swalla and Smith,
2008).
In the deuterostome embryos where it has been studied, including echinoderms,
hemichordates, amphioxus, and vertebrates, the ANE GRN is initially expressed broadly
throughout the presumptive neuroectoderm territory during cleavage and/or blastula
stages (Fig. 2). As the development progresses, the ANE is progressively eliminated from
more posterior ectoderm territories, restricting the ANE GRN to a territory around the
pole (Fig. 2)(Range 2014). In all of these embryos, a mechanism that depends on a
posterior-to-anterior gradient of Wnt/β-catenin signaling is essential for this fundamental
developmental process (Darras et al., 2011; Kozmik et al., 2007; Kiecker and Niehrs
2001). Together, the similarities in the ANE GRN governing specification and ANE
restriction among the deuterostomes strongly suggests that the ANE is likely a
homologous territory. Until recently, Wnt/β-catenin signaling pathway was the only
mechanism known to be involved in ANE restriction. However, in sea urchins, it has
been shown that all three Wnt signaling pathways, Wnt/β-catenin, Wnt/JNK, and
Wnt/PKC are integrated to pattern the ANE along the anterior-posterior axis (Range et
al., 2013).
2

Figure 2

ANE positioning along the deuterostome embryos

The blue region indicating the ANE territory in Sea urchin, Amphioxus, and Zebrafish.
As the development progresses, the ANE is progressively eliminated from the posterior
ectoderm region (Range 2014)
Wnt signaling pathways
Wnt signaling pathways have a staggering number of roles in many
developmental processes across all metazoan phyla. One of the most crucial roles is the
establishment of the primary anterior-posterior (AP) axis in metazoan embryos (Adamska
et al., 2007, Darras et al., 2011, Momose et al., 2008, Logan et al., 1999, Wikramanayake
et al., 2003, Henry et al., 2010, Henry et al., 2008, Niehrs 2010, Petersen and Reddien
2009). There are at least three major Wnt signaling branches, the Wnt/β-catenin, the
Wnt/JNK, and the Wnt/Ca2+ pathways (Fig. 3). In all three Wnt signaling pathways, Wnts
acts as signaling molecules that generally consist of approximately 350 amino acids and
3

conserved pattern of cysteine residues (Logans and Nusse 2004; Clevers 2006; Willert et
al., 2003; Takada et al., 2006). The cysteine residues are lipid modifiable and allows Wnt
to bind to the seven transmembrane receptor of Frizzled (Fzl) family and activates one of
the three Wnt signaling pathways. Today, nineteen members of Wnt family and 10
members of Fzl family have been identified in vertebrates (Wordarz and Nusse 1998;
Kestler and Kuhl 2008).
Among the three Wnt signaling pathways, the canonical Wnt/β-catenin pathway
is the best characterized. In the absence of Wnt signaling, cytosolic β-catenin is degraded
by the destruction complex. The degradation complex consists of several associated
proteins, including Adenomatous Polyposis Coli (APC), Axin, and Glycogen Synthase
Kinase-3β (GSK-3β). When β-catenin binds to the destruction complex, it is
phosphorylated by GSK-3β and degraded by proteasomes (Liu et al., 2002). Whereas, in
the presence of Wnts, Wnt binds to the Fzl receptor and the low-density lipoprotein
receptor-related protein (Lrp5/6) co-receptor and activates an intracellular scaffolding
protein, Disheveled (Dsh), that prevents the degradation of β-catenin by β-catenin
destruction complex. Then, the accumulated β-catenin enters into the nucleus and binds
to TCF/LEF family of HMG box transcription factor which turns them from repressor to
activator and result in the activation of Wnt/β-catenin pathway (Macdonald et al., 2007).
The non-canonical, or alternative Wnt signaling pathways, Wnt/JNK and
Wnt/Ca2+ (Amerongen 2012), use Wnt ligands, Fzl receptors, and Dsh proteins; however,
they result in activation of different intracellular messengers. Wnt/Ca2+ pathway uses Ca2
sensitive proteins, such as protein kinase C (PKC) isoforms (α, β, and γ) (Dissanayake
and Weeraratna 2008) that cause cytoskeletal changes and activation of transcription
4

factors, such as nuclear factor of activated T-cells (NFAT) (Semenov et al., 2007).
Similarly, Wnt/JNK pathway uses the small GTPases Rho and Rac that activate c-Jun Nterminal kinases (JNK), leading to cytoskeletal rearrangement and activation of
transcription factors such as c-Jun and ATF2 (Semenov et al., 2007). Until recently, it
was believed that the three Wnt signaling pathways worked independently from one to
another to affect developmental processes. Yet, recent studies suggest that specific
players (i.e. Wnt ligands, receptors, co-receptors, and intracellular messengers) of the
three Wnt signaling pathways are involved in more than one particular Wnt signaling
pathway (Kestler and Kuhl 2008; Amerongen and Nusse 2009).
Since all three Wnt signaling pathways, Wnt/β-catenin, Wnt/JNK, and Wnt/Ca2+,
work together in the same developmental process such as the specification of ANE along
the anterior-posterior axis, they may function as components of an integrated Wnt
signaling network rather than individual pathways with different functions (Range et al.,
2013).
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Figure 3

The three Wnt Signaling pathways

This diagram shows the basic outline of the interactions among different extracellular,
transmembrane and intracellular proteins involved in Wnt signaling pathways. See text
for details (Image from Range 2014)
Positioning of ANE along the AP axis in sea urchin
The ANE GRN is first activated around the 32-cell stage when the earliest ANE
regulatory transcription factors, six3 and foxq2, which sit at the top of the ANE GRN are
expressed broadly throughout the anterior half of the embryo (presumptive ectoderm
territory)(Fig. 4a)(Yaguchi et al., 2008; Range et al., 2013). As development progresses,
ANE gene expression is down regulated from the posterior ectoderm by a mechanism
that depends on Wnt/β-catenin signaling (Fig. 4b)(Range et al., 2013). Finally, around the
mesenchyme blastula stage, the ANE is completely eliminated from the posterior
ectoderm and is restricted to a region around the anterior pole (Fig. 4c)(Range et al.,
2013). If aspects of the restriction mechanism fail to localize the ANE around the anterior
6

pole, then ANE GRN factors will expand to different degrees depending on the molecular
perturbation (Yaguchi et al., 2008; Angerer et al., 2011; Wei et al., 2009; Range et al.,
2013). Thus, the restriction of ANE is an essential feature to establish the anteriorposterior body axis in sea urchin embryos.

Figure 4

ANE restriction in the sea urchin embryo

Diagram showing (A) the presence of ANE in the anterior half (blue region) of embryo
and Wnt/β-catenin the posterior half of embryo (orange balls). (B) Down regulation of
ANE gene expression from the posterior ectoderm of the embryo (gray). (C) Restriction
of the ANE territory to the small region around the anterior pole of the embryo at the
mesenchyme blastula stage (Image from Range et al., 2013). hpf=hours post fertilization.
Role of Wnt signaling pathways in positioning of the ANE along the AP axis in sea
urchin embryo
In sea urchin embryos the three Wnt signaling pathway branches (Wnt/β-catenin,
Wnt/JNK, and Wnt/Ca2+ pathways) impinge on the same developmental process:
restriction of the ANE GRN around the anterior pole (Range et al., 2013). For simplicity,
this integrated mechanism can be described in four interconnected phases (Fig. 5A and
5B).


Step 1 (up to 60-cells stage, 9 hours post fertilization (hpf)): The first step
begins around early cleavage stage when β-catenin enters the nuclei of all
posterior blastomores. While the mechanism that activates this Wnt/β7

catenin pathway is incompletely understood, the presence of nuclearized
β-catenin is necessary for the specification of these posterior cells to
become endomesoderm (Darras et al., 2011; Logan et al., 1999; Imai et al.,
2000). In addition, the nuclearized β-catenin is also involved in active
repression of the transcriptional activation of the ANE factors six3 and
foxq2 in the posterior cells. As a result the expression of ANE factors is
restricted to anterior blastomeres (Range et al., 2013; Yaguchi et al., 2008;
Angerer et al., 2011; Wei et al., 2009).


Step 2 (60-cell stage to late blastula stage, 9-24 hpf): As the development
progresses, the ANE factors are progressively eliminated from the
posterior ectoderm territory; however, nuclearized β-catenin has only
been observed in n the posterior ectoderm, suggesting that Wnt/β-catenin
is activating a secreted molecule(s) that could possibly diffuse into the
posterior ectoderm territory. These signaling molecules could then in turn
activates another signaling pathway necessary to eliminate ANE GRN
gene expression from the posterior ectodermal cells. Two secreted Wnt
ligands, Wnt1 and Wnt8, fit this hypothesis since both are activated by
Wnt/β-catenin signaling in posterior blastomeres. These ligands diffuse
into more anterior blastomeres and activate the Wnt/JNK pathway through
the Fzl5/8 receptor, down regulating ANE gene expression from the
posterior-most ectoderm territory. A third Wnt signaling pathway,
Wnt/Ca2+/PKC, activated by the Fzl1/2/7 receptor antagonizes both the
Wnt/β-catenin and the Wnt-Fzl5/8-JNK mediated ANE restriction
8

mechanism preventing the premature elimination of ANE gene expression
from anterior-most cells during the second phase of ANE restriction
(Range et al., 2013).


Step 3 (mid-blastula stage to early gastrula stage, 15-24 hpf): In the
middle stages of ANE restriction the cardinal ANE regulatory
transcription factor FoxQ2 activates two secreted Wnt modulators Dkk3
and sFRP1/5 that diffuse in an anterior-to-posterior gradient from the
anterior pole. Our data suggest that these modulators work in concert with
the Wnt1/Wnt8 posterior-to-anterior gradient to potentiate the function of
Fzl5/8-JNK signaling that down regulates ANE factors from posterior
ectoderm. Thus FoxQ2 appear to activate an important anterior signaling
center. (Unpublished data of Range lab).



Step 4 (Early gastrula stage, 24 hpf): During the final phase of ANE
restriction mechanism when ANE GRN genes are only expressed around
the anterior pole Fzl5/8 activates a secreted Wnt antagonist, Dkk1, in the
anterior-most cells around the anterior pole. Dkk1 prevents the down
regulation of ANE factors from this territory by antagonizing Fzl5/8
signaling through a negative feedback mechanism (Range et al., 2013). As
a result, the correctly sized ANE territory is formed in sea urchin embryos.

The data obtained from sea urchin embryos provide evidence that the three
different, but interconnected Wnt signaling pathways together with Wnt modulators
provide precise spatiotemporal control during ANE patterning along AP axis (Range et
al., 2013).
9

The sea urchin embryo is an ideal deuterostome model organism to help us
understand the molecular mechanism involved in early fundamental developmental
processes. Some of the unique qualities of sea urchin embryo are listed here: 1) The ANE
restriction mechanism Strongylocentrotus purpuratus occurs between 60-cell and gastrula
stages in a non-motile single-cell thick epithelium (Range et al., 2013). 2) During ANE
positioning in the sea urchin, very few known signaling pathways are activated outside
the AP Wnt signaling pathways. As a result, the functional analysis becomes much
simpler than vertebrates (Angerer et al., 2011). 3) Unlike in vertebrates, there are fewer
possible Wnt ligand, receptor, and co-modulator interactions. 4) Sea urchins have a
simple morphology, are easily manipulated, and are available for research for 10 to 11
months a year (Range et al., 2013).

10

Figure 5

Model for the sea urchin Wnt network governing ANE restriction

This diagram shows the involvement of Wnt pathways in two different phases of ANE
restriction. Wnt β-catenin acts during the first phase of ANE restriction, Wnt/Fzl5/8/JNK,
and Wnt/Fzl1/2/7/PKC work together during the second phase of ANE restriction. B.
During the third phase of ANE restriction, the secreted Wnt modulators Dkk3 and
sFRP1/5 activated by ANE marker FoxQ2potentiates the function of Fzl5/8 and provides
a controlled sized territory of ANE. Finally, during the final phase of ANE restriction,
Fzl5/8 activates Dkk1, a Wnt modulator that prevents Wnt signaling pathways from
eliminating ANE (Range et al., 2013; Unpublished data of Range lab)
Wnt modulators in ANE restriction
Wnt modulators clearly play essential roles during ANE restriction, yet the exact
molecular mechanisms by which these secreted proteins modulate Wnt signaling are
incompletely understood in the sea urchin or any other developmental model system. In
many cases this wide-range of secreted modulators can function to either potentiate
and/or inhibit Wnt signaling. Wnt modulators are divided into two main classes based on
the mechanism of action, often based on the earliest functional studies. The first class
also known as secreted frizzled receptors (sFRP) class includes, sFRPs family, Wnt11

inhibitory factor (WIF)-1, and Cerberus. This group of modulators is thought to bind
directly to the Wnt ligand and/or the Fzl receptor thereby altering the Wnt signaling
pathways. The second class of modulators includes the Dickkopf family protein (DKK).
These proteins modulate the Wnt Signaling pathway by binding to LRP5/6 receptors (see
below for mechanism)(Kawano and Kypta 2003; Surana et al., 2014).
Dkk protein family
Dickkopf (Dkk) proteins are secreted glycoproteins that consist of 255-350 amino
acids and share two conserved cysteine-rich domains (CRDs). Dkk1 was recognized first
in Xenopus embryos as an embryonic head inducer and Wnt antagonist (Glinka et al.
1998). Since then, Dkks have been identified in many other organisms including
vertebrates and invertebrates. Four different members of the Dkk family, Dkk1-4, have
been identified in vertebrates. In humans, Dkk1, -2, and -4 are found in the same
chromosome and exhibit similar kinds of functional characteristics; whereas, Dkk3 is
found in a different chromosome and appears to be more diverged from the others
(Glinka et al. 1998; Niehrs 2006). Dkk proteins (Dkk1, -2, and -4) have the ability to bind
to the lipoprotein receptor-related protein (LRP6) with higher affinity and form a nonspecific complex. This non-specific complex prevents Wnt ligands from binding to
LRP6, thus resulting in disruption of Wnt signaling activation (Fig. 6A)(Cruciat and
Niehrs 2013). In addition to LRP6, Dkk1, -2, and -4 also binds to transmembrane proteins
Kremen 1 and 2 (Krm1 and 2) and forms a tertiary complex that induces the rapid
endocytosis of the LRP6 receptor. As a result, LRP6 receptor is not available for Wnt
ligand binding (Fig. 6B; Mao et al. 2002). In contrast, it is not clear how Dkk3 plays a
role in modulating Wnt signaling. However, an interesting study in the invertebrate
12

chordate, amphioxus, suggests that Dkk3 is essential for the establishment of the ANE,
since knocking down Dkk3 protein expression causes a loss of ANE specification while
overexpression causes an expansion of the ANE territory (Pinho and Nierhs 2007),
presumably because Dkk3 antagonizes the Wnt/β-catenin restriction mechanism.

Figure 6

Model of Wnt signaling inhibition by DKK family

(A) Dkk1 binding to LRP5/6 receptor prevents Wnt-Fz-LRP5/6 complex formation. (B)
Dkk1, Krm, and LRP5/6 together form tertiary complex that induces the rapid
endocytosis of LRP5/6.
sFRP protein family
Secreted frizzled receptor proteins (sFRPs) are secreted glycoproteins that belong
to the largest family of secreted Wnt inhibitors. sFRPs generally consist of approximately
295-346 amino acids and have a Frizzled-like cysteine rich domain (CRD) at the amino
terminus (Cruciat and Niehrs 2013; Bovolenta et al., 2008). The CRD of sFRPs and
Frizzled receptors (Fzl) are almost identical and allow them to form homo- or
heteromeric complexes (Rehn et al. 1998). However, sFRPs do not have transmembrane
and cytosolic domain like the Fzl receptor (Kawano and Kypta 2003; Bovolenta et al.,
2008; Surana et al., 2014). The carboxy-terminal part of sFRPs contains a Netrin-related
13

domain (NTR) characterized by segment of positively charged residues which appear to
confer heparin-binding properties and cysteine residues that form three di-sulphide
bridges (Chong et al., 2002). The Frzb (Frizzled motif associated with the bone
development) is the first sFRP identified from bovine cartilage extract (Hoang et al.
1996). Today, five different members of the sFRP family (sFRP1-5) have been
discovered in humans, where sFRP3 is an ortholog of Frzb (Bovolenta et al., 2008). In
addition to vertebrates, sFRPs exist in different invertebrate organisms, such as the purple
sea urchin, the nematode Caenorhabditis elegans, the sea squirt Ciona intestinalis, and
the sponge Lubomirskia baicalensis, which indicates the ancient origin of sFRPs
(Bovolenta et al., 2008).
Initially, the sFRPs were recognized as Wnt antagonists because of the homology
of CRD domain between sFRPs and Fzl receptors. This idea was further supported by the
ability of sFRP to bind Wnt ligand and prevent Wnt-Fzl interaction (Kawano and Kypta,
2003; Bovolenta et al., 2008; Surana et al., 2014). However, the recent studies have
suggested that the binding of sFRP to Wnt ligands can also promote Wnt signaling.
According to this model sFRPs prevent Wnt ligands from binding to heparan sulphate
proteoglycans (HSPGs) and/or the plasma membrane, increasing the diffusion of Wnt
ligand to the greater distance (Mii and Taira 2009). Based on the information obtained
from various studies, the possible mechanisms of action of sFRPs can be described in
following ways: (1) They bind to Wnt ligands, thereby causing the sequestering of Wnt
away from the active receptor complex and furthermore inhibiting the Wnt/Fzl
interactions, or helping the ligand diffuse to activate more distant receptors (Fig. 7A)
(Leyns et al., 1997; Lin et al., 1997; Wang et al., 1997); (2) They can act as dominant
14

negative molecules by binding to Fzl receptors, preventing the binding of the Wnt ligand
to the Fzl receptor (Fig. 7B) (Baﬁco et al., 1999; Rodriguez et al., 2005); (3) They can
bind to the Wnt ligand and Fzl receptor at the same time, resulting in favorable Wnt and
Fzl interactions that potentiate the Wnt signal (Fig. 7C) (Uren et al., 2000); (4) The
cysteine rich domains of sFRPs can bind together and form a homodiamer which
prevents the binding of sFRPs to Wnt ligand or Fzl receptor. As a result, the Wnt ligand
can freely bind to Fzl receptor and activate the Wnt signaling pathways (Fig. 7D,
Bovolenta et al., 2008).

15

Figure 7

Models of Wnt signaling activation and/or inhibition by sFRP protein family

(A) sFRPs bind to Wnt ligands causing sequestration of Wnt ligands away from active
site. (B) sFRPs binds to Fzl receptor and prevents binding of Wnt ligand. (C) Binding of
sFRP to Wnt and Fzl results in bringing them close together, thus activates the Wnt
signaling. (D) The titration effect of sFRPs favors the Wnt signaling.
The role of sFRP3/4 in ANE restriction
Frzb was first recognized as a Wnt antagonist in Xenopus embryos because of its
sequence similarity with Fzl receptor and its ability to inhibit Wnt signaling by binding to
Wnt8 (Leyns et al., 1997; Wang et al., 1997). When Frzb is overexpressed in Xenopus
embryos it results with enlarged heads, shortened trunks, and a dorsalized embryo
suggesting that Frzb is necessary for Anterior-posterior and Dorsal-ventral axis formation
(Leyns et. al., 1997). Today, Frzb is studied in many other vertebrates including zebrafish
16

and chick embryos. In zebrafish, frzb is expressed maternally and is found to be involved
in limiting the spatial expression of the maternal β-catenin to the posterior cells. In the
absence of Frzb, the nuclearized β-catenin is expressed in the anterior cells, which
suggest that Frzb is necessary for anterior-posterior axis formation in zebrafish (Lu et. al.,
2011). In Chick embryo, the function of Frzb has not been determined. However, frzb is
expressed in in a pattern complementary to Wnt5a (Wnt ligand involved in A/P axis
patterning) within the neural ectoderm of streak-stage embryos, suggesting that the Frzb
is involved in A/P axis specification in chick embryos (Baranski et. al., 2000). Although
the functional role Frzb is conserved in vertebrates and chordates, the mechanism
involved is incompletely understood. Based on the functional similarity of Frzb in
vertebrates, we hypothesized that the Frzb homologue in the sea urchin, sFRP3/4, could
play a similar role in the sea urchin and help fill in the gaps in the Wnt network
governing ANE restriction. Therefore, the goal of this study is to understand the
functional mechanism of sFRP3/4 (homologue of Frzb) especially in positioning of ANE
along the AP axis.
Here we show that the maternal sFRP3/4 likely antagonizes the early ANE
restriction mechanism mediated by Wnt/β-catenin and Wnt/JNK signaling during the
cleavage stages. We also found that Fzl1/2/7 activates zygotic expression of sFRP3/4
during blastula stages. Our data suggest that this zygotic sFRP3/4 is necessary for ANE
specification, likely working together with Dkk1 to antagonize the ANE restriction
mechanism during the final stages if the process. This is the first functional study in
deuterostomes outside of the chordate lineage and the information obtained from the sea
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urchin embryos can be used to understand the functional role of sFRP3/4 in various
deuterostome embryos and used to compare the evolutionary relationships among them.

18

MATERIALS AND METHODS
Embryo cultures
Strongylocentrotus purpuratus sea urchins were received from Monterey Abalone
Company, Monterey, CA. The adult sea urchins were injected with 0.5M KCL into their
body cavity in order to collect the eggs and sperms. The eggs were washed two times
with artificial sea water (ASW) and then fertilized in a glass beaker or a plastic culture
dish by adding 1:1000 dilution of sperm. Once fertilized, embryos were cultured in
artificial seawater (ASW) at 15oC.
RNA extraction and preparation of cDNA
Cultured embryos were allowed to develop until 0, 8, 12, 15, 18, and 24 hours
post fertilization (hpf) in ASW. Once the embryos reached the desired stages, pelleted,
transferred to 1.5 ml centrifuge tube and stored at -80oC. The RNA was extracted from
the stored embryos following RNeasy Plus Mini Kit via protocol (Qiagen®). After RNA
extraction and purification, cDNA was synthesized using SuperScript III first-Strand
Synthesis System for RT-PCR kit based on Invitrogen protocol.
Cloning of gene
In order to generate an antisense RNA probe complementary to the sfrp3/4
mRNA, the sfrp3/4 gene sequence was first amplified through RT-PCR using forward
19

primer called GCGATGGAGTTTCCACCTCA, then reverse primer called
GAAGACTCACACAGCTCCCG, and then, 12 hpf (120-cell stage) cDNA. The sfrp3/4
clone was cloned into pGEM-T Easy vector using T4 DNA ligase following pGEM®-T
Easy Vector Systems protocol and transformed into XL1 - Blue competent cells
following the protocol supplied by Agilent Technology. Ampicillin and Lac Z protein
were used as the selectable marker and screening marker respectively. The white colony
of cells were transferred into several 15 ml centrifuge tube containing LB and 50 µg per
ml of Ampicillin. The colonies were cultured in a shaker with 300rpm at 37oC for 16 to
18 hours. The plasmid DNA was separated and purified from overnight culture using
Promega Wizard ® Plus SV Minipreps DNA Purification System kit following Promega
protocol for miniprep. The 1500 bp product of sfrp3/4 gene was sequenced in DNA lab
(Arizona State University) with T7 primers. Once the sequence of the sfrp3/4 clone was
confirmed, sfrp3/4 plasmid DNA was linearized with NotI restriction enzyme. Anti-sense
RNA probe was synthesized using T7 polymerase enzyme and labeled with Digoxigenin
using DIG RNA labeling kit (Roche Diagnostic).
Whole-mount in situ hybridization
After generating an anti-sense RNA probe, whole-mount in situ hybridization was
performed in order to identify the temporal and spatial expression pattern of sfrp3/4. The
desired staged embryos were fixed with 4% paraformaldehyde in ASW for 1 hour at
room temperature and washed five times with MOPS wash buffer (0.1M MOPS pH 7.0,
0.5M NaCl, 0.1% Tween-20). After maintaining the required buffer condition with
hybridization buffer (70% formamide, 0.1M MOPS pH 7.0, 0.5M NaCl, 1mg/ml BSA,
and 0.1% Tween-20), embryos were hybridized on digoxigenin labeled anti-sense RNA
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probes and incubated at 50oC. All un-hybridized probes were washed after 4-7 day
incubations. Embryos were next blocked with 10% Normal Goat Serum and 5 mg/ml
BSA in MOPS wash buffer for 1 hour. Alkaline Phosphatase (AP)-conjugated antiDigoxigenin antibody was added to the embryos and incubated overnight at room
temperature (Range et al., 2012). The AP activity was detected using a combination of
conventional chromogenic stains, nitro blue tetrazolium (NBT), and 5-bromo-4-chloro-3indolyl phosphate (BCIP) called NBT/BCIP (Roche Diagnostic). This reaction produces
an insoluble dark purple precipitate that indicates the location of target mRNA in the
embryos (Trinh et al., 2007). 30% glycerol was added to the embryos, slides were
prepared, and images were captured using Compound Light Microscope (Zeiss
Axioskop2 plus) and Cannon EOS 5Ds camera. The images were taken through
differential interference contrast (DIC) microscopy and 20X objective lens.
Morpholino injections
To test the function of sFRP3/4, loss of function analysis was performed using
translation blocking morpholino and splice blocking morpholinos. Morpholinos are the
short sequence of nucleic acids in which the bases are bound to morpholine ring and
backbone is linked through phosphorodiamidate groups. These short sequences (usually
25 bases) of nucleic acid forms a complementary base paring with target mRNA and
involve in processes such as knock down of gene expression, modify mRNA splicing or
inhibit miRNA activity and maturation (Heasman 2002). Translation blocking
morpholino, which binds to the 5’ untranslated region (UTR) of mRNA was generated
using the full-length sequence information of sfrp3/4 obtained from the paper “Cloning
and developmental expression of a novel, secreted frizzled related protein from the sea
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urchin, Strongylocentrotus purpuratus” (Illies et al., 2002). A splice-blocking morpholino
oligonucleotide binding to the exon-intron boundary of sfrp3/4 mRNA was generated
using the information obtained from S. purpuratus scaffold sequences for sfrp3/4. The
morpholinos were produced using Gene-Tools LLC (Eugene, OR). The sequences and
injection concentrations were as follows:


sFRP3/4 MO1 (translation blocking): 5’CGCTGTGACAGGTGTTCTCTTCGAT-3’ (0.75mM to 0.85mM).



sFRP3/4 MO2 (splice blocking): 5’CGGAAGATATTATAGGCATACCTGT-3’ (2.5mM)

For morpholino injections, eggs were de-jellied by passing them through the
74µm Nitex filter. The eggs were arrayed in rows on a plastic culture dish coated with
25% protamine sulfate and fertilized with addition of diluted sperm. Immediately after
the fertilization, embryos were injected with solution containing FITC, 20% glycerol, and
morpholino oligonucleotides. The embryos were cultured at 15oC. Microinjection
experiment was performed in at least two different batches of embryos, consisting of 2060 numbers of embryos in each experiment. Experiments were considered effective only
if a change in phenotype or marker expression was observed in at least 85% of the
injected embryos.
Quantitative polymerase chain reaction (qPCR)
qPCR analysis was performed to quantitatively compare the temporal expression
of sfrp3/4 along the developmental time course. Total RNA was extracted from 0, 8, 12,
15, 18, 20, and 24 hpf embryos and treated with DNase I supplied by the DNA-free kit
(Invitrogen) to eliminate residual genomic DNA. cDNA was synthesized as described
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above. qPCR reactions were executed in 96 well plates using SYBR Green master mix
(Thermo Scientific). Each reaction were carried out in triplicate for each developmental
stage. Every reaction contains 10 µl of SYBR Green master mix, 4.8 µl of forward
(CGAGACGACTATTGCAGATG) and reverse (ATTCCTCAGGGGAGTTAGG)
sFRP3/4 qPCR primers (the mixture of 1.66 µM forward and 1.66 µM reverse primers),
and 0.2-1.0 µl of cDNA. Thermal cycling parameters were 95oC for 5 min (one cycle),
95oC for 20 s, 55oC for 20 s, and 72oC for 30 s (45 cycles), followed by a denaturation
step to verify amplification of a single product. The 2-ΔΔCt method were used for
statistical analysis to calculate relative changes in gene expression between sfrp3/4 and
z12 accomplished from real-time quantitative PCR experiments. To determine the
expression levels, the number of transcripts per embryos were estimated based on the Ct
value of z12 transcript (Wang et al., 1995).
Real-time qPCR was performed to compare changes in the levels of expression of
ANE GRN genes (zic2, hbn, foxq2, nk3.2, dkk3, sfrp1/5, and fgfr-l) between the control
and morpholino injected embryos, RNA was extracted from 150-200 control and
morpholino injected embryos and cDNA was generated as described above. The qPCR
reaction setup was carried out using the protocol detailed above. To normalize the
relative concentration of mRNA, mitochondrial 12sRNA Ct values were used. 2 folds or
higher change in gene expression level was considered to be significant. Each experiment
was repeated with embryos from at least two different mating pairs.
Immunohistochemistry
To determine the ANE phenotype during the larval stages in control and sFRP3/4
MO injected embryos we performed whole mount immunohistochemistry using a mouse,
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anti-serotonin antibody. Embryos were fixed in 2% paraformaldehyde in artificial
seawater for 20 minutes at room temperature and washed 5 times in phosphate buffered
saline containing 0.1% Tween-20 (PBST). Embryos were blocked with 4% Normal Goat
Serum in PBST wash buffer for 1 hour and incubated overnight at 4oC with anti-serotonin
antibody (primary antibody) at a dilution of 1:2000 (Sigma, St. Louis, MO). Then, Alexacoupled secondary antibodies from rabbit at a dilution of 1:2000 was added to the
embryos and incubated for 1 hour at room temperature. Nuclei were stained with DAPI in
a dilution of 1:3000 (Roche Diagnostic).
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RESULTS
Spatiotemporal expression of sfrp3/4 overlaps with foxq2, dkk3, and sfrp1/5 during
ANE restriction
We hypothesized that sFRP3/4 is necessary during the ANE restriction
mechanism to modulate Wnt signaling. To test this hypothesis, we looked at the spatial
and temporal expression of sfrp3/4 in order to identify whether sfrp3/4 is expressed in the
right place at the right time to modulate the ANE restriction mechanism. We performed
whole mount in situ hybridization (WMISH) using anti-sense RNA probe that binds to
sfrp3/4 mRNA. From the 60-cell stage (7 hpf) to the mid-blastula stage (18 hpf), sfrp3/4
was expressed broadly throughout the embryo. Starting from the mid-blastula stage,
sfrp3/4 expression was restricted more towards the anterior pole and posterior pole (Fig.
8a-c). Finally, during the mesenchyme blastula stage, the sfrp3/4 was restricted to a
defined territory around the anterior pole (Fig. 8d), overlapping with the expression of the
cardinal ANE regulatory factor foxq2 (Fig. 8p). At around the same stage, dkk3 and
sfrp1/5 are also expressed in the anterior neuroectoderm territory (Fig. 8h and 8l). The
similarity in expression pattern of sfrp3/4 with the other Wnt modulators dkk3 and
sfrp1/5 around mesenchyme blastula stage indicates that sFRP3/4 is possibly involved in
the ANE restriction mechanism. In addition to ANE territory, the expression of sfrp3/4 in
the posterior endomesoderm cells during mesenchyme blastula stage (Fig. 8d), suggests
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that sFRP3/4 might also be involved in specification of this territory and/or the
morphogenetic movements during gastrulation.

Figure 8

sfrp3/4 is expressed throughout the ANE restriction mechanism

(A-D) expression of sfrp3/4 during 60 cell (8hpf), 120 cell (12hpf), mid-blastula stage
(18hpf), and mesenchyme blastula stage (24hpf), respectively. The figures (e-h) show the
expression of sfrp1/5 and (i-l) show the expression of dkk3. The sfrp1/5 and dkk3 both are
absent during 60 to 120 cell stage (e, f, I, and j) and are expressed in the anterior pole
during mid-blastula and mesenchyme blastula stage (8g, 8h, 8k, and 8l). (8m to 8p) The
expression of foxq2 shows the anterior neuroectoderm territory. The animal half is
covered by ANE at around 60 cell stage (Figure 8m). As the development progresses,
ANE is restricted more towards the anterior pole (Figure 8n, 8o, and 8p)
26

sFRP3/4 is necessary for the specification of the ANE territory
There are 18 known ANE regulatory genes expressed by the end of ANE
restriction mechanism (early gastrula; 24 hpf)(Range et al., 2013). To identify a possible
role for sFRP3/4 in the Wnt network governing ANE restriction we performed a loss-offunction analysis by injecting fertilized eggs with either a translation or splice blocking
sFRP3/4 morpholino (MO) and analyzed the expression of the 24 hpf ANE GRN by in
situ hybridization and/or qPCR analysis. The expression of the cardinal ANE factors six3
and foxq2, which sit at the top of the ANE GRN hierarchy, as well as the downstream
genes sfrp1/5 and dkk3, were completely eliminated from the ANE territory at
mesenchyme blastula stage (24 hpf) in sFRP3/4 MO injected embryos (Fig. 9Af-i). In
addition, the transcript levels of several other ANE regulatory genes (fgfr-like, hbn, zic-2,
nk3.2) were significantly reduced in sFRP3/4 MO injected mesenchyme blastula embryos
(Fig. 9B). Similarly, the serotonergic neurons were completely eliminated from the
sFRP3/4 MO injected embryos (Fig 9Aj). These observations indicate that the sFRP3/4 is
necessary for the specification of ANE territory required for serotonergic neural
specification.
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Figure 9

sFRP3/4 is necessary for ANE specification

(A) Control embryos showing the normal expression of foxq2, dkk3, six3, and sfrp1/5
during mesenchyme blastula stage (24 hpf) (Aa- d), sFRP3/4 MO injected embryos
showing the complete elimination of these markers (Af-i). (Ae and Aj) serotonergic
neurons in control and sFRP3/4 MO injected embryos respectively. (B) qPCR
measurements showing the down regulation of ANE regulatory genes in mesenchyme
blastula stage (24hpf) sFRP3/4 morpholino injected embryos. The qPCR experiment was
repeated in two different batches of 24 hpf embryos. Data obtained from each batch is
represented by blue and red colored bar graph. The ANE regulatory genes are down
regulated approximately 2 or more fold in the absence of sFRP3/4.
sFRP3/4 is necessary for early and late specification of the ANE territory
Previously, we showed that Dkk1 is necessary during the later stages of the ANE
restriction mechanism to antagonize the process and roughly define the final ANE
territory (Range at al., 2013). Based on the temporal and spatial expression of sfrp3/4, we
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reasoned that sFRP3/4 might function early during the ANE restriction process and then
work with Dkk1 during the final stages of the ANE restriction mechanism. We performed
qPCR analysis to quantitatively compare the temporal expression of sfrp3/4 and dkk1
during ANE restriction. sfrp3/4 was expressed maternally and increased significantly
beginning around the 120-cell stage (12 hpf) during the early stages of ANE restriction.
In contrast, dkk1 transcripts were expressed at very low levels during the early stages of
ANE restriction, then began to increase gradually from 120-cell stage until they reached
their maximum level during mesenchyme blastula stage (24 hpf)(Fig. 10A). To test our
hypothesis, we assayed for foxq2 expression in sFRP3/4 morphants and DKK1 morphants
at the very beginning of ANE restriction (60-cell stage; 7-8 hpf) when sfrp3/4 expression
was detected throughout the embryo and dkk1 was expressed at a very low level (Fig. 8A
and 10A respectively). foxq2 expression is severely down regulated in sFRP3/4 knock
down embryos at this developmental stage, whereas Dkk1 morphants showed no changes
in foxq2 expression (Fig. 10Bc and 10Bb respectively). At the end of the ANE restriction
foxq2 was completely eliminated in both sFRP3/4 and DKK1 knockdown embryos (10Be
and 10Bf). To test the hypothesis that sFRP3/4 is also necessary for ANE specification
during the later stages of the restriction process, we injected a splice-blocking
morpholino (sFRP3/4 MO2) that specifically blocks the function of zygotic sFRP3/4. In
these knockdown embryos, the expression of foxq2 was severely down regulated (Fig
10C). Taken together, these results suggest that the maternal sFRP3/4 is necessary for
early ANE specification and zygotic sFRP3/4 is necessary later, possibly due to the
antagonism the ANE restriction mechanism throughout the process.
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Figure 10

sFRP3/4 acts as Wnt antagonist during early and later phases of ANE
restriction

(A) qPCR measurement showing the temporal expression of dkk1 and sfrp3/4 transcript
per embryos between egg to mesenchyme blastula stage of development.
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Figure 10 (continued)
(B) Control embryos showing the normal expression of foxq2 (a and d). During 60 cell
stage, foxq2 is eliminated in sFRP3/4 MO injected embryos (c) but not in Dkk1 MO
injected embryos (b). Whereas during mesenchyme blastula stage (24 hpf), foxq2 is gone
from both Dkk1 and sFRP3/4 MO injected embryos (e and f). (C) Figure showing the
normal expression of foxq2 during mesenchyme blastula stage (24 hpf) and the loss of
foxq2 expression in sFRP3/4 splice blocking morpholino oligonucleotides. Each
experiment was performed in at least two different batches of embryos. The number of
embryos per experiment was between 20 and 60. In every experiment, more than 85% of
injected embryos showed change in expression pattern of foxq2.
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Frizzled 1/2/7 signaling is necessary for zygotic expression of sfrp3/4
Functional studies show that from the beginning of ANE restriction mechanism
that Fzl1/2/7 signaling is necessary to antagonize the process (Range et al., 2013).
Interestingly, early sFRP3/4 MO knockdown embryos phenocopy Fzl1/2/7 knockdown
embryos; therefore, we hypothesized that Fzl1/2/7 signaling activates sfrp3/4 expression
at this time. To test this hypothesis, we injected embryos with a Fzl1/2/7 morpholino
oligonucleotide and observed the expression of sfrp3/4 in the embryos at multiple stages
during ANE restriction. At the 60-cell stage, sfrp3/4 was still expressed in the absence of
Fzl1/2/7 signaling (Fig. 11d). In contrast, sfrp3/4 expression was completely eliminated
in Fzl1/2/7 knockdown embryos by the mid-blastula stage (13-18 hpf) and this loss of
expression was maintained throughout the ANE restriction mechanism (Fig. 11e and
11f). These results suggest that the maternal sfrp3/4 persisted until sometime after 60-cell
stage, then starting around the early blastula stage Fzl1/2/7 is necessary for the activation
of zygotic sfrp3/4.
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Figure 11

Fzl1/2/7 is necessary for expression of sfrp3/4 during blastula stages

Images showing the normal expression of sfrp3/4 (a-c), and the change in expression of
sfrp3/4 in Fzl1/2/7 MO injected embryos (e and f). Each experiment was performed in at
least two different batches of embryos. The minimum number of embryos per experiment
was 20. Absence of sfrp3/4 expression was observed in more than 85% of Fzl1/2/7
morpholino injected embryos for 17 hpf and 24 hpf.
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DISCUSSION
In sea urchin embryos, a balance is achieved among the Wnt-β-catenin, Wnt/JNK,
and Wnt/PKC signaling pathways to position the ANE to a small territory around the
anterior pole (Range et. al., 2013; Range 2014). The Range lab has shown that at least
three Wnt modulators, Dkk1, Dkk3, and sFRP1/5, are necessary to modulate signaling
within the Wnt signaling network governing ANE restriction (Range et al., 2013;
unpublished data of Range lab). In this study, we characterized the function of another
secreted Wnt modulator, sFRP3/4, within this Wnt signaling network. Our functional
analyses suggest that maternal sFRP3/4 is necessary to antagonize the early ANE
restriction mechanism (60-cell to early blastula stages (7-14 hpf)) mediated by Wnt/βcatenin signaling and Wnt/JNK signaling, possibly working in parallel with the Fzl1/2/7
signaling-mediated antagonism of the same mechanism at this stage of development (Fig.
12A). In addition, we found that the Fzl1/2/7 activates sFRP3/4 during blastula stages
(14-24 hpf). This zygotic sFRP3/4 is also likely necessary for ANE specification (Fig.
12B), suggesting that sFRP3/4 and Dkk1 likely work together to antagonize ANE
restriction during the final phase of process, establishing the final ANE territory (Fig.
12C).
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Figure 12

Three step-model to represent the functional role of sFRP3/4 during three
different stage of development

(A) Maternal sFRP3/4 antagonizes early ANE restriction mechanism mediated by Wnt/βcatenin and Wnt/JNK signaling. (B) Fzl1/2/7 activates sFRP3/4 expression throughout
the embryo, which likely necessary to antagonize Fzl5/8 signaling. (C) sFRP3/4 is likely
working together with Dkk1 to antagonize final ANE restriction mechanism.
Based on our new findings, we propose an expanded model for the ANE
restriction mechanism in sea urchin embryo (Fig. 13). The early ANE restriction
mechanism begins around the 16- to 32-cell stage where posterior Wnt/β-catenin
signaling prevents the transcriptional activation of ANE factors in posterior
endomesoderm cells. Then, beginning at the 60-cell stage Wnt/β-catenin activates Wnt1
and Wnt8 that diffuse and activate Fzl5/8-JNK signaling in more anterior cells, down
regulating the ANE GRN factors from the posterior-most ectodermal cells. At around the
same stage, our new data suggest that, the maternally expressed sFRP3/4 is necessary to
antagonize the early ANE restriction mechanism mediated by Wnt/β-catenin and
Wnt/Fzl5/8 signaling in parallel with Fzl1/2/7 signaling. In addition, the new data shows
that Fzl1/2/7 activates sFRP3/4 during blastula stages, which appears to be necessary to
antagonize the ANE restriction mechanism mediated by Wnt1/Wnt8-Fzl5/8-JNK
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signaling during this time. Then, during the mid-blastula stage to early gastrula stage, the
cardinal regulatory factor Foxq2 activates sFRP1/5 and Dkk3, which further potentiates
the Fzl5/8-JNK-mediated down regulation of the ANE GRN from the posterior ectoderm
cells. Finally during early gastrula, Dkk1 activated by Fzl5/8 antagonizes Fzl5/8
signaling in a classic negative feedback loop. Our data suggest that, sFRP3/4 and Dkk1
might work together to antagonize the final ANE restriction mechanism and defines the
final territory of the definitive ANE during the early gastrula stage. Thus, the exact size
of the final ANE territory depends on the balance of potentiation of the Fzl5/8-JNK
restriction mechanism by sFRP1/5 and Dkk3 and antagonism from members of the same
respective protein families, sFRP3/4 and Dkk1.
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Figure 13

Extended model of ANE restriction mechanism in sea urchin

This diagram shows the functional role of sFRP3/4 in ANE restriction mechanism
between 60-cell stages to early gastrula stage (see text for details).
In our study, we demonstrated that in the absence sFRP3/4, the ANE factors are
completely eliminated from the presumptive ANE territory. Similarly, a previous study
showed that ANE factors are severely down regulated in the absence of Wnt antagonist
Dkk1, which directly antagonizes the Fzl5/8-JNK mediated ANE restriction mechanism
(Range et. al., 2013). The phenotypic similarity between sfrp3/4 MO and Dkk1 MO
suggests that the sFRP3/4 might also directly antagonize Fzl5/8-JNK signaling.
Alternatively, the elimination of ANE GRN factors in the absence of sFRP3/4 could
reflect the role for sFRP3/4 in the activation of ANE factors either through Wnt or
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another signaling pathway. To distinguish between these two possibilities, we will inject
sFRP3/4 MO together with dominant negative version of Fzl5/8 (DnFzl5/8) that blocks
the function of Fzl5/8-JNK signaling. If the expression of ANE GRN factors is severely
down regulated in these manipulated embryos, it is likely that sFRP3/4 is necessary for
the activation of ANE factors. Whereas, if the embryos show and expanded ANE
territory (i.e., failure of the ANE restriction mechanism) in the absence of sFRP3/4 and a
functional Fzl5/8-JNK signaling pathway, it would strongly suggest that sFRP3/4
antagonizes the Fzl5/8-JNK signal-mediated ANE restriction.
In order to test the function of maternally expressed sFRP3/4 we injected
translation blocking morpholino oligonucleotides (MO). These morpholinos bind to 5’
un-translated region of sfrp3/4 mRNA and inhibits the formation new functional proteins;
therefore these knockdown early gene function as long as there is not a large maternal
protein load. This functional knockdown study showed that the sea urchin ANE is
completely eliminated in the absence of sFRP3/4 at the beginning of ANE restriction at
the 60-cell stage, indicating that maternal sFRP3/4 is critical for early specification of the
ANE. In order to test the function of zygotic sFRP3/4 during ANE restriction mechanism
we used a splice-blocking morpholino. These oligonucleotides are designed to bind to the
pre-mRNA (mRNA consisting of introns and exons) at exon-intron borders, and
preventing proper mRNA processing. Since the maternal mRNA has already been
processed, splice blocking MO cannot block the function of maternal sFRP3/4. Thus, the
elimination of ANE in sFRP3/4 splice-blocking MO injected embryos shows that the
zygotic sFRP3/4 is necessary for the specification of ANE territory during the later stages
of ANE restriction. The Fzl1/2/7 knock down experiments showed that sfrp3/4 is
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expressed at 60-cell stage, but then is severely down regulated around early-to-mid
blastula stages (14-16 hpf), suggesting that zygotic expression begins sometime between
these stages. Future experiments will be designed to define the maternal and zygotic
contribution of sFRP3/4 to ANE specification. For example, we will design a photocaged
sFRP3/4 morpholino to specifically determine the window for sFRP3/4 function during
ANE specification. Photocaged morpholinos consists of a short complementary
morpholino attached by a photosensitive linker that keeps the antisense morpholino in an
inactive state. Upon exposure to ultra violet light, the short complementary blocking
morpholino is degraded and the antisense morpholino becomes active. Using this
technique we can test our hypothesis that the sFRP3/4 is necessary during the final stage
of ANE restriction, working with Dkk1 to define the final ANE territory.
We have shown that in the absence of Fzl1/2/7 signaling the sFRP3/4 expression
is severely down regulated in blastula and early gastrula stage embryos (13-24 hpf),
suggesting that Fzl1/2/7 signaling activates sFRP3/4 signaling. Alternatively, it is
possible that sFRP3/4 is part of the ANE GRN and is down regulated by the overactive
Fzl5/8-JNK restriction mechanism in the absence of Fzl1/2/7 signaling (see model
above). We believe it is more likely that Fzl1/2/7 activates sFRP3/4 expression since
sfrp3/4 is expressed throughout all embryonic territories during the early and midblastula stage (13-20 hpf) and in Fzl1/2/7 morphants all sfrp3/4 expression is eliminated
everywhere from the embryo. Our data only support a model for Fzl5/8-JNK down
regulation of ANE GRN factors in the anterior half of the embryo; therefore, these data
are inconsistent with the idea that sFRP3/4 is part of the ANE GRN, at least during the
early-to-midblastula stages (14-20 hpf). Nevertheless, to confirm that Fzl1/2/7 is
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activating sFRP3/4 expression we will perform a knockdown analysis injecting both the
Fzl1/2/7 MO and DnFzl5/8 into fertilized embryos and observing the expression of
sfrp3/4. If sfrp3/4 is absent in Fzl1/2/7MO and DnFzl5/8 injected embryos, it will suggest
that Fzl1/2/7 is necessary for the activation of sfrp3/4. Whereas, if sfrp3/4 is present in
Fzl1/2/7MO and DnFzl5/8 injected embryos, then the data will suggest that sfrp3/4
expression is eliminated by overactive Fzl5/8-JNK signaling.
At the end of the ANE restriction mechanisms (20-24 hpf), sfrp3/4 is expressed in
a pattern that appears to overlap with dkk1, six3 and fzl5/8, which mark the entire ANE
territory (Fig. 8). This expression pattern suggests that sFRP3/4 is a part of the ANE
GRN during these late stages, possibly working together with Dkk1 to antagonize Fzl5/8
signaling. Fzl1/2/7 is activating sFRP3/4 expression during blastula stage, however,
Fzl1/2/7 is not expressed in the ANE territory during early gastrula stage (Range et. al.,
2013), suggesting that, sfrp3/4 expression in ANE territory during early gastrula stages
depends on another factor(s). One possibility is that Fzl5/8 signaling is necessary to
activating sFRP3/4 expression in addition to Dkk1 and that these two secreted modulators
work together to antagonizes Fzl5/8 signaling through negative feedback loop (Range et.
al., 2013). To test this hypothesis, we can assay the expression of sfrp3/4 in DnFzl5/8
during early gastrula stage. If the sfrp3/4 is absent in the ANE territory in DnFzl5/8
injected embryos, this will suggest that Fzl5/8 is activating sfrp3/4 expression.
Previously, it was shown that the functional role of Frzb in embryonic axis
specification is conserved along the vertebrate embryos. In Xenopus embryo, frzb is
expressed in Spemann organizer, and is involved in anterior-posterior patterning and
dorsal-ventral patterning (Leyns et. al., 1997). Similarly, in zebrafish, frzb is expressed
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maternally and is involved in anterior-posterior axis specification by antagonizing the
Wnt/β-catenin signaling (Lu et. al., 2011). Although the functional role of Frzb is not
characterized in chick embryos, they also have a similar expression of frzb in neural
ectoderm and is likely involved in anterior-posterior axis patterning (Baranski et. al.,
2000). In addition to vertebrates, the results obtained from our study suggest that the
functional role of Frzb (homologue of sFRP3/4) is likely conserved outside chordate and
vertebrate lineage. Like in vertebrates, sFRP3/4 is antagonizing Wnt signaling pathways
and is necessary for anterio-posterior axis specification in sea urchin embryo.
In this study we have shown that the sFRP3/4 is necessary to antagonize early and
late ANE restriction mechanism. However, we do not have enough evidence to show how
sFRP3/4 is involved in the ANE restriction mechanism. Therefore, more study is required
in future to understand the functional role of sFRP3/4 in ANE restriction mechanism.
Also more evidence is required to show that the Fzl1/2/7 is directly activating zygotic
sFRP3/4. In future, if we could show that the sFRP3/4 activated by Fzl1/2/7 is directly
antagonizing Fzl5/8 signaling, then it would further strengthen our idea that the three Wnt
signaling pathways are integrated together during the ANE restriction mechanism in sea
urchin embryo.
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